Introduction
Because vital registration and surveillance data on etiologyspecific causes of death are frequently unavailable, incomplete or inaccurate, statistical models are commonly used to estimate burden of disease. Mathers et al. argue that while such estimates have a degree of uncertainty, they are far more useful for policymakers than fragmented and unsynthesized data. 1 A key mission of the World Health Organization (WHO) is to disseminate coherent and complete disease burden estimates, and quantifying uncertainty is one of WHO's five principles of data dissemination. 2 Accurately reporting uncertainty is essential so that policymakers can determine whether an estimate with a given level of uncertainty is appropriate for a given purpose. Furthermore, quantifying uncertainty is important to establish global health priorities and make accurate cross-national comparisons. 1 Estimates of disease burden based on statistical models involve uncertainty not only because of sampling variability but also because of the choice of potential covariates and model structure. Researchers typically select a single model structure and subset of predictors and proceed to analyse the data as if the correct model structure and relevant covariates were known. Throughout this paper, we use model uncertainty to refer to the uncertainty that results from both the structure of the model and the covariates included in the model. Failing to account for model uncertainty leads to standard error calculations that underestimate the overall uncertainty of the results. While previous uncertainty measures of global burden of disease have described the uncertainty generated by the sampling variance in the underlying data, to the best of our knowledge no one to date has attempted to describe the uncertainty associated with the choice of the model used to estimate disease burden. We suggest using Bayesian model averaging to account for model uncertainty when using statistical modelling to make disease burden predictions. [3] [4] [5] We illustrate the effects of failing to account for model uncertainty on the estimated global burden of child deaths from rotavirus infection, a major cause of childhood diarrhoea. 6 According to WHO, in 2004 an estimated 527 000 (confidence interval, CI: 475 000-580 000) deaths from rotavirus infection occurred worldwide in children younger than 5 years.
7, 8 The full analytic framework for deriving the WHO estimate is described in Parashar et al. 8 and summarized in this paper. The WHO estimate and previous estimates in the literature were computed by multiplying each country's estimated number of child deaths from diarrhoea by each country's estimated proportion of diarrhoea deaths attributable to rotavirus and then summing the product over all countries. [7] [8] [9] [10] [11] The number of child deaths from diarrhoea in each country is routinely reported by WHO. Although no data exist on the proportion of these deaths that Abstracts in ‫,عريب‬ 中文, Français, Pусский and Español at the end of each article.
Objective To illustrate the effects of failing to account for model uncertainty when modelling is used to estimate the global burden of disease, with specific application to childhood deaths from rotavirus infection. Methods To estimate the global burden of rotavirus infection, different random-effects meta-analysis and meta-regression models were constructed by varying the stratification criteria and including different combinations of covariates. Bayesian model averaging was used to combine the results across models and to provide a measure of uncertainty that reflects the choice of model and the sampling variability. Findings In the models examined, the estimated number of child deaths from rotavirus infection varied between 492 000 and 664 000. While averaging over the different models' estimates resulted in a modest increase in the estimated number of deaths (541 000 as compared with the World Health Organization's estimate of 527 000), the width of the 95% confidence interval increased from 105 000 to 198 000 deaths when model uncertainty was taken into account. Conclusion Sampling variability explains only a portion of the overall uncertainty in a modelled estimate. The uncertainty owing to both the sampling variability and the choice of model(s) should be given when disease burden results are presented. Failure to properly account for uncertainty in disease burden estimates may lead to inappropriate uses of the estimates and inaccurate prioritization of global health needs. Research is caused by rotavirus, this proportion can be estimated from 76 studies across the world that have reported it for particular regions within each country. But because the proportion of child diarrhoea deaths attributed to rotavirus varies considerably across countries, using the sample average of all 76 studies to estimate this proportion for any given country would be inappropriate. Instead, to account for the heterogeneity in the proportion of diarrhoea deaths WHO has employed a statistical model using covariates thought to be associated with that proportion.
The WHO model divided the Member States, which at the time numbered 192, into five strata based on under-5 mortality and region ( Table 1 ). The proportion of diarrhoea deaths caused by rotavirus infection was estimated for countries within each stratum based on a DerSimonian and Laird random-effects meta-analysis of studies from countries in the stratum. 12 However, other reasonable covariates besides geographical area and under-5 mortality could be used to predict the proportion, as noted by Parashar et al. 8 This paper explores how estimates of the number of child deaths from rotavirus diarrhoea and their uncertainty change when different model structures and covariates are included in the model used to estimate the proportion of diarrhoea deaths caused by rotavirus. Furthermore, we show how Bayesian model averaging can be used to account for model uncertainty.
Methods
The WHO model is based on the 76 prospective observational studies previously mentioned, all of which lasted for at least one year and were conducted between 1990 and 2004. Each study reported data on the proportion of diarrhoea hospitalizations among children less than 5 years of age in whom rotavirus was detected, and this proportion was used as a proxy for the proportion of diarrhoea deaths caused by rotavirus. For the purposes of this illustrative example, we have assumed that the proxy is valid. 7, 8 The inverse of the sample variance of this proportion was the only factor used to weight the studies, although measures of study quality could have been easily incorporated into the models. All other data used to model the proportion of diarrhoea deaths caused by rotavirus were gathered through the WHO Statistical Information System. Table 2 shows the variables used to stratify countries and believed to be associated with the proportion of diarrhoea deaths caused by rotavirus based on consultation with expert WHO staff, including a co-author, and a review of the existing literature on estimates of the global burden of rotavirus infection. [6] [7] [8] [9] [10] [11] Although other relevant covariates certainly exist, to predict the proportion of diarrhoea deaths caused by rotavirus in each country we were restricted to using only those covariates that were available for all countries. Since WHO initially estimated the burden of rotavirus deaths in children by dividing countries into five strata based on under-5 mortality and geography, we compared the WHO estimate with the results obtained with models in which countries were stratified according to the criteria listed in Table 1 . We chose these criteria so that the five strata would have approximately equal ranges of the covariate.
Strata models
We performed a DerSimonian and Laird random-effects meta-analysis to estimate the mean proportion of diarrhoea deaths in children caused by rotavirus in each stratum and its standard error. 12 More specifically, for each study j in stratum i we assumed that
where p ij is the proportion of diarrhoea deaths due to rotavirus, is the mean proportion across stratum i, δ ij is the between-study random effect and e ij is the within-study random error. We assumed that both δ ij and e ij were independent and normally distributed. For consistency with the WHO model, we used the usercontributed package, rmeta, in the statistical computing language R (R Project for Statistical Computing, Vienna, Austria) to fit these models. For consistency with other studies of disease burden, we used Monte Carlo methods in all the models with which we estimated the global disease burden and its CI. 7, 8 We drew 10 000 parameter estimates from their sampling distributions and used them to estimate the disease burden. The mean was used as the global burden estimate and percentiles 2.5 and 97.5 were used as the CI bounds.
For comparison purposes only, the estimated proportion of diarrhoea deaths caused by rotavirus was determined using a random effects meta-analysis with all 76 studies grouped into a single stratum.
Regression models
While stratifying the study data does reduce some of the between-study variability, van Houwelingen et al. have noted the importance of exploring all sources of study heterogeneity by including studylevel covariates. 15 Including additional predictors can also account for the fact that the 76 studies may not represent a random sample of diarrhoea deaths in children, a critical assumption in metaanalysis. 16 Because few study-level covariates were consistently reported, we used country-level covariates instead, just as we Research used country-level covariates to stratify the studies. To include continuous country-level covariates and still separate within-study error from between-study error, a mixedeffects model or a meta-regression model was fitted using maximum likelihood in SAS version 9.1 (SAS Institute, Cary, United States of America). 15 In principle, the model is quite similar to the one described by Equation 1, only instead of just including indicator variables for each stratum we allowed continuous covariates to be included and assumed that the variance in the between-study error was the same across all studies. Specifically, we assumed that p e j j
where p j is the proportion of diarrhoea deaths due to rotavirus in study j, x j is the vector of country-level covariates, β is the vector of country-level parameters, δ j is the between-study random effect and e j is the within-study error. As before, both δ j and e j were assumed to be independent and normally distributed.
We again considered models with the covariates listed in Table 2 . To derive a set of models we used a combination of expert knowledge and numerical methods. Among the eight variables considered for inclusion, models with every combination of one, two and three variables were fit and the Bayesian information criterion (BIC) was tabulated for each model. 17 BIC is a measure of how well the model fits the data but penalizes models with a larger number of covariates; lower BICs indicate better fits.
Model averaging
To account for model uncertainty, we averaged across several models rather than choosing a single model's results. The BIC can be used to empirically approximate the posterior probability of the model, which represents the likelihood that the model is correct. 3, 18 These posterior model probabilities can be used to derive an overall averaged point estimate and a standard error that includes model uncertainty. [3] [4] [5] To obtain the model-averaged point estimate, E( | ) θ p , of the number of child deaths caused by rotavirus θ , we averaged the estimates from each of the different models, E( | ) , θ M k p , weighted by how strongly the data supported each model or the posterior probability,
where p is the vector of study data, K is the total number of models considered, and M k is model k.
The model-averaged estimated variance of the burden estimate, Var( | ) θ p , is given by:
where Var( | , ) θ p M k is the variance of the estimate of the number of global childhood deaths from rotavirus infection in model k. The model-averaged variance takes into account both the variability in each model's estimate due to sampling variability (second term) and the variability between the different models or model uncertainty (first term).
To compare the quality of the strata models to that of the meta-regression models, the stratification models were refit using maximum likelihood to obtain a valid BIC, which only slightly alters the standard error estimates. Because one stratum in the WHO model had only one study assigned to it, WHO used some studies assigned to other strata to also estimate the proportion in the stratum with one study. 8 A statistical comparison with other models that did not use those studies twice is invalid. A conceptually similar but slightly different stratification scheme was used for comparisons and is referred to as the WHO alternative model (Table 1) .
Results

Stratification models
The one-stratum model, which was constructed for comparative purposes only, produced a point estimate of 664 000 child deaths (95% CI: 608 000-721 000). This is substantially greater than the WHO's estimate of 527 000 (CI: 475 000-580 000). Among the models with five strata, large variability was noted in the estimated number of rotavirus deaths among children (Fig. 1, Table 3 ). Point estimates ranged from 526 000 to 630 000 deaths. The stratification methods that used mortality rates other than under-5 mortality yielded point estimates similar to each other and ranging from 526 000 to 537 000 deaths. All but one of these strata models yielded predictions greater than the WHO estimate.
The lengths of the model-based CIs were fairly consistent between models. Among the stratification models, the alternative WHO model best fit the data according to the BIC.
Meta-regression models
Within the meta-regression models, the model that included the infant mortality rate and the natural logarithm of gross national income per capita was found to best fit the data according to the BIC (Table 4) . The 20 models with the lowest BIC scores showed little difference in BIC scores. In spite of the models' comparable predictive capacity, differences in the estimated number of rotavirus deaths in children were large, having ranged from 492 000 to 588 000 (Fig. 2) . Two of the point estimates of those 20 models exceeded the limits of the 95% CI of the WHO model. In fact, the CIs yielded by the models produced by meta-regression were all wider than those produced by WHO and by most of the other stratification models. The stratification models impose a stronger assumption that the mean proportion is constant over all countries in a particular stratum, which leads to narrower CIs. The BIC scores for the meta-regression models were all considerably lower than the stratification models, including the alternative WHO model. This suggests that meta-regression models can achieve improved prediction over stratification models.
Model-averaged results
The model-averaged point estimates of the global burden of rotavirus deaths in children for each of the two broad methods (five strata and meta-regression) were similar to each other and to the WHO estimate, but the CIs were all considerably wider than the WHO's. The modelaveraged estimate of the number of deaths among all stratification models with five strata, 530 000 deaths, was similar to the point estimates of the individual models Research that stratified by mortality. The 95% CI interval, 473 000 to 586 000 deaths, was moderately wider than the CI yielded by the WHO model. Among the top 20 meta-regression models, the model-averaged estimate of the number of rotavirus deaths in children, 540 000, was slightly larger than the WHO estimate, and the 95% CI: 443 000 to 638 000 deaths, was far wider (195 000 versus 105 000 deaths). Averaging across all the models considered gave an estimated number of childhood rotavirus deaths of 541 000 with a 95% CI of 442 000 to 640 000 deaths, almost identical to the model-averaged results of the meta-regression models.
Discussion
The confidence limits of each model developed only account for variability in the data. Repeating the process of conducting 76 studies would yield slightly different results owing to sampling variability, which is captured by each model's standard errors. However, the estimates between the different models exhibit substantial variability that is not taken into account by the model-based standard errors. Even after limiting the models considered to only the stratification models and the 20 regression models with the lowest BIC, the estimated number of rotavirus deaths in children in 2004 ranged from 492 000 to 664 000. This variability exists within each particular class of models.
Widely varying predictions between different models does not automatically suggest that one must account for model uncertainty because the quality of the models or their posterior probabilities should also be considered. Several poor models will yield highly variable predictions in the burden estimates, but because the model-average point estimate (Equation 3) and Equation 4 are weighted by the model quality,
) , models poorly supported by the data do not practically affect the model average point estimate or increase the model uncertainty. Our concern arises when good fitting models lead to variable predictions. 
Research
For example, among the metaregression models, all 20 of the models with the lowest BIC scores were strongly supported by the data. Even the 20 best models yielded significant variability (95 000 deaths) in the estimated global burden. In this case, choosing a single set of covariates is clearly inadequate because many models that are well supported by the data give vastly different estimates of the number of rotavirus deaths in children. However, the overall model-averaged estimate of the global burden of diarrhoea deaths caused by rotavirus among children and its uncertainty are quite similar to the model average and uncertainty from the meta-regression models, since the strata models are poorly supported by the data. The data also suggest that limiting consideration to just stratification models (i.e. to a single type of model structure) is a poor decision since the data more strongly support the metaregression models.
The results suggest that the uncertainty captured due to sampling variability is only a portion of the overall uncertainty in the estimate. Model uncertainty represents another source of variability that must be accounted for in the model. Model averaging over a broad class of models in the case of the disease burden estimates for childhood diarrhoea rotavirus deaths increases the width of the 95% CI from 105 000 to 198 000 deaths. By not accounting for model uncertainty, the WHO model substantially understates the level of uncertainty of its estimates.
Besides the model selected by WHO, many others could also produce reasonable results. The alternative models we selected are only a subset of all possible models. From a statistical perspective, we could have allowed the covariates to vary nonlinearly with the response or allowed some parameters to be estimated at the regional level (hierarchical model). For the rotavirus example presented in this paper, we lacked enough data to reliably estimate parameters at the regional level or to entertain nonlinear functional forms. From an epidemiologic perspective, we could have considered using several different methods, including a natural history model, to estimate the number of rotavirus deaths. Different epidemiologic approaches would have probably increased the model uncertainty substantially. Unfortunately, the data available to us did not allow us to consider other modelling approaches in this application. For other disease burden estimates, a broader class of models could be considered, but the underlying message remains the same: different model choices result in variable burden estimates and model averaging provides an attractive way of accounting for model uncertainty.
The methods used in this study to develop new measures for quantifying the uncertainty in the estimated global burden of childhood deaths from rota- 
Резюме
Расчет неопределенности модели при оценке глобального бремени болезней Цель Проиллюстрировать на примере детской смертности от ротавирусной инфекции воздействие ошибочного расчета неопределенности модели в случае, когда модель используется для оценки глобального бремени болезней. Методы Для оценки глобального бремени ротавирусной инфекции были разработаны различные модели мета-анализа и мета-регрессии случайных эффектов путем варьирования критериев стратификации с использованием различных комбинаций ковариат. Для сочетания результатов по моделям и получения меры неопределенности, отражающей выбор модели и изменчивость выборки, было использовано усреднение байесовских моделей. Результаты В рассмотренных моделях оценочное количество случаев смерти детей от ротавирусной инфекции колебалось от 492 000 до 664 000. Усреднение по оценкам различных моделей привело к незначительному повышению оценочного количества случаев смерти (541 000 , по сравнению с оценкой Всемирной организации здравоохранения, составлявшей 527 000), но когда была учтена неопределенность модели, то ширина 95%-ного доверительного интервала возросла с 105 000 до 198 000 случаев смерти. Вывод Изменчивость выборки только частично объясняет общую изменчивость смоделированной оценки. При представлении результатов бремени болезни должна быть задана неопределенность, обусловленная как изменчивостью выборки, так и выбором модели (моделей). Неправильный учет неопределенности в оценках бремени болезней может привести к неправильному использованию оценок и неточному установлению приоритетов глобальных потребностей в области здравоохранения.
Resumen
Consideración de la incertidumbre del modelo al calcular la carga global de una enfermedad
Objetivo Ilustrar las consecuencias que acarrea no contemplar la incertidumbre del modelo cuando dicho modelo se emplea para calcular la carga de enfermedad global, especialmente en el caso de las muertes infantiles por una infección por rotavirus. Métodos Con el fin de calcular la carga global de la infección por rotavirus, se desarrollaron diversos modelos de metaanálisis y metarregresión de efectos aleatorios modificando los criterios de estratificación e incluyendo diversas combinaciones de covariables. Se empleó el método bayesiano de estimación de la media para combinar los resultados entre los modelos y ofrecer una medida de incertidumbre que reflejara la elección de modelo y la variabilidad del muestreo.
Resultados En los modelos examinados, la cantidad estimada de muertes infantiles provocadas por una infección por rotavirus osciló entre 492 000 y 664 000. Si bien la media de las estimaciones de los diversos modelos dio como resultado un aumento moderado en la cantidad estimada de muertes (541 000 en comparación con la estimación de la Organización Mundial de la Salud, de 527 000); la amplitud del intervalo de confianza del 95% provocó un aumento de 105 000 a 198 000 muertes cuando se tomó en consideración la incertidumbre de los modelos. Conclusión La variabilidad del muestreo explica únicamente una parte de la incertidumbre global de una estimación extraída empleando un modelo. La incertidumbre atribuible tanto a la variabilidad del muestreo como a la elección de uno o varios modelos debe indicarse cuando se presenten los resultados de carga de enfermedad. No contemplar debidamente la incertidumbre de las estimaciones en la carga de enfermedad, podría acarrear un uso inadecuado de las estimaciones y una priorización inexacta de las necesidades sanitarias globales.
